Carnitine acyltransferases catalyze the reversible exchange of acyl groups between coenzyme A (CoA) and carnitine. They have important roles in many cellular processes, especially the oxidation of long-chain fatty acids in the mitochondria for energy production, and are attractive targets for drug discovery against diabetes and obesity. To help define in molecular detail the catalytic mechanism of these enzymes, we report here the high resolution crystal structure of wild-type murine carnitine acetyltransferase (CrAT) in a ternary complex with its substrates acetyl-CoA and carnitine, and the structure of the S554A/M564G double mutant in a ternary complex with the substrates CoA and hexanoylcarnitine. Detailed analyses suggest that these structures may be good mimics for the Michaelis complexes for the forward and reverse reactions of the enzyme, representing the first time that such complexes of CrAT have been studied in molecular detail. The structural information provides significant new insights into the catalytic mechanism of CrAT and possibly carnitine acyltransferases in general.
(1-8). These enzymes are classified based on their preference for the chain length of the acyl groups. Carnitine acetyltransferase (CrAT) and carnitine octanoyltransferase (CrOT) prefer short-and medium-chain acyl groups as substrates, respectively. Carnitine palmitoyltransferases (CPTs) prefer long-chan acyl groups as substrates. Several different isoforms of CPTs have been identified in mammals, including CPT-Ia (liver isoform), CPT-Ib (muscle isoform), CPT-Ic (brain isoform), and CPT-II. The CPT-Is are integrally associated with the outer membrane of the mitochondria, whereas CPT-II is localized in the mitochondrial matrix and may be loosely associated with the inner membrane of the mitochondria.
The CPTs catalyze the rate-limiting step in the ␤-oxidation of fatty acids in the mitochondria (4 -9) , which is the transport of fatty acids from the cytosol into the mitochondria. The CoA esters of fatty acids cannot cross the mitochondrial membranes. Instead, they must be converted to their carnitine esters, a reaction that is catalyzed by the CPT-Is, which can then be transported into the mitochondria. Once inside, the carnitine esters are converted back to the CoA esters through the action of CPT-II. Mutation and dysregulation of the CPTs are strongly linked to many serious, even fatal human diseases (4 -6) . CPT deficiencies are among the most common causes of inherited fatty acid oxidation disorders, and homozygous deletion of CPT-1a is lethal in mice (10) . Inhibitors of CPT-Is may be efficacious for the treatment of type 2 diabetes (11, 12) , whereas agonists of these enzymes can stimulate fatty acid oxidation and may regulate body weight (13, 14) . CPT-I has also been proposed as a target for the treatment of heart failure (15) .
The CrAT and CrOT enzymes may be important for the oxidation and transport of fatty acids from the peroxisomes to the mitochondria (4, 5, 7, 8) . CrAT may also have an important role in maintaining the CoA/acetyl-CoA balance in the cells (4, 5, 7, 8) .
The catalytic domains of carnitine acyltransferases contain about 600 amino acid residues and share significant sequence identity (35% and higher). The CPT-Is contain an N-terminal extension of about 140 residues that are important for attachment to the mitochondrial membrane and other functions. We and others have reported the crystal structures of CrAT (16 -21) , CrOT (22) , CPT-II (23, 24) , and the related enzyme choline acetyltransferase (25, 26) . The structures can be divided into two domains, N and C domains ( Fig. 1) , that share the same backbone fold with that of chloramphenicol acetyltransferase and several other acetyltransferases (16, 27) .
The active site of the enzyme is located at the interface between the two domains, and the catalytic His residue is at the center of a tunnel that extends through the middle of the enzyme ( Fig. 1) (21) . Structures of the binary complexes with carnitine or CoA have defined the binding modes of these substrates and suggested a catalytic mechanism in which the positive charge on the carnitine molecule helps to stabilize the oxyanion of the transition state (substrate-assisted catalysis) (16) . Additional stabilization of the oxyanion is provided by hydrogen bonding to the side chain of a strictly conserved Ser residue (Ser 554 in CrAT). To further probe the catalytic mechanism, it is desirable to obtain structural information on the ternary complexes of this enzyme with its substrates or products. Alternatively, structures of the enzyme in complex with bisubstrate analogs could be used to provide insight on the catalysis, as has been carried out successfully for N-acetyltransferases (28, 29) . However, such compounds are not readily available for CrAT, and we have therefore developed protocols for trapping the ternary complexes of this enzyme. We report here the crystal structures of wild-type mouse CrAT in a ternary (Michaelis) complex with the substrates acetyl-CoA and carnitine and in a ternary (dead end) complex with CoA and carnitine, as well as the structure of the S554A/M564G double mutant in a ternary (Michaelis) complex with hexanoylcarnitine and CoA. The structures define in molecular detail the Michaelis complexes for both the forward and reverse reactions of the enzyme and provide significant new insights into the catalytic mechanism of CrAT and possibly other carnitine acyltransferases as well.
MATERIALS AND METHODS

Mutagenesis, Protein Expression, and Purification-Residues
30 -626 of wild-type mouse CrAT were subcloned into the pET28a vector (Novagen) and overexpressed in Escherichia coli (16) . The expression construct contains an N-terminal hexahistidine tag. The S554A/M564G double mutant was created with the QuikChange kit (Stratagene) and verified by sequencing.
The wild-type and mutant proteins were purified following the same protocol, with nickel-agarose, anion exchange, and gel filtration chromatography. The protein was concentrated to 32 mg/ml in a solution containing 20 mM Tris (pH 8.5) and 200 mM NaCl, flash-frozen in liquid nitrogen in the presence of 5% (v/v) glycerol, and stored at Ϫ80°C.
Protein Crystallization-Crystals of wild-type CrAT in complex with carnitine and acetyl-CoA were obtained at 4°C by the sitting drop vapor diffusion method. The reservoir solution contained 100 mM Tris (pH 8.5), 100 mM NaCl, 14% (w/v) PEG 3350, and 2.3 mM carnitine, and the protein was at 17 mg/ml concentration. The crystals were soaked in a solution containing 100 mM Bis-Tris (pH 6.5), 150 mM NaCl, 20% (w/v) PEG 3350, 2.5 mM carnitine, 5 mM acetyl-CoA, and 25% (v/v) ethylene glycol for 3 min before being flash-frozen in liquid nitrogen for data collection at 100 K. They belong to space group C2, with cell parameters of a ϭ 163.9 Å, b ϭ 89.2 Å, c ϭ 122.6 Å, and ␤ ϭ 128.9°. There are two CrAT molecules in the crystallographic asymmetric unit. Using this soaking protocol, crystals of wild-type CrAT in complex with carnitine and CoA have also been obtained, the acetyl group being hydrolyzed during the soaking experiment.
Crystals of the S554A/M564G mutant in complex with hexanoylcarnitine and CoA were obtained at 4°C by the sitting drop vapor diffusion method. The reservoir solution contained 100 mM Tris (pH 8.5), 18% (w/v) PEG 3350, and 2.3 mM carnitine, and the protein was at 10 mg/ml concentration. The crystals were soaked in a solution containing 100 mM Bis-Tris (pH 6.5), 150 mM NaCl, 18% (w/v) PEG 3350, 2.5 mM carnitine, 5 mM hexanoyl-CoA, and 25% (v/v) ethylene glycol for 3 min before being flash-frozen for data collection. They belong to space group C2 with cell parameters of a ϭ 164.1 Å, b ϭ 89.1 Å, c ϭ 122.8 Å, and ␤ ϭ 129.0°. These mutant crystals are isomorphous to the ternary complexes of wild-type CrAT described above, with two CrAT molecules in the crystallographic asymmetric unit.
Data Collection, Structure Determination, and Refinement-X-ray diffraction data were collected on an ADSC Quantum-4 CCD at the X4A beamline of the National Synchrotron Light Source. The diffraction images were processed and scaled with the HKL package (30) .
These ternary complex crystals have cell parameters that are similar to those of the free enzyme and binary complexes of wild-type CrAT (16) , with about 5 Å difference in the a axis and 3 Å in the c axis. The initial structure was determined by the molecular replacement method, with the program COMO (31), using the structure of the free enzyme as the search model. The structure refinement was carried out with the program CNS (32) . Manual adjustment of the atomic model against the electron density was performed with the program O (33). The crystallographic information is summarized in Table 1 .
Kinetic Studies-The kinetic parameters of the wild-type and mutant CrAT were determined using an end point fluorometric assay (34) . The reaction buffer contained 40 mM Hepes (pH 7.8), 1.5 mM EDTA, and 3-500 M acetyl-CoA or hexanoyl- 
The numbers in parenthesis are for the highest resolution shell.
CoA. Each reaction contained 10 -200 ng of wild-type enzyme or the M564G mutant, or 1-4 g of the S554A or S554A/ M564G mutant, in a volume of 600 l. The reactions were initiated by the addition of carnitine (1.5 mM final concentration), allowed to progress for 10 min at room temperature, and then stopped by heat treatment at 70°C. The free CoA product was reacted with 7-fluorobenz-2-oxa-1,3-diazole-4-sulfonamide (ABD-F; Molecular Probes, Inc., Eugene, OR) by incubation at 42°C for 40 min, and the fluorescence was recorded at 535 nm (excitation wavelength 405 nm) using a 96-well plate reader (200 l of solution/well; PerkinElmer Life Sciences). Control reactions in the absence of carnitine were carried out to remove the background. The kinetic data were fitted to the MichaelisMenten equation (Table 2) .
RESULTS AND DISCUSSION
Strategies to Obtain the Ternary Complexes of CrAT-Our structures of the CoA and carnitine binary complexes of wildtype CrAT defined the binding modes of these two substrates on their own (16) . We have also determined the crystal structure of the F565A mutant in a ternary (dead end) complex with carnitine and CoA (17) . However, to fully understand the catalysis by this enzyme, the structure of the ternary (Michaelis) complex with carnitine and acetyl-CoA (or acetylcarnitine and CoA) is needed. Our earlier attempts at soaking wild-type CrAT crystals with acetyl-CoA showed that the acetyl group is quickly hydrolyzed, even in the crystalline state (16) . This suggested that the catalytic activity of the enzyme must be reduced before there is any possibility of capturing the structure of the ternary (Michaelis) complex.
Previous studies have indicated that His 343 is the general base in the catalysis by CrAT (4, 5) . Crystal structures show that this side chain is held in an unusual conformation, with a hydrogen bond between the side chain N␦2 atom and the main chain carbonyl oxygen (16) . A similar conformation for the catalytic His residue is observed in the related enzymes chloramphenicol acetyltransferase (27) and dihydrolipoyl transacetylase (35) , and this conformation may enhance the reactivity of the His residue as a general base.
As a first attempt to reduce the activity of the enzyme, we mutated the catalytic His 343 residue of CrAT to Ala or Glu. Our kinetic studies showed that the H343A mutant is inactive toward both acetyl-CoA and hexanoyl-CoA substrates, even when 50 g of the enzyme were used in the assay (Table 2 ). In comparison, only 10 ng of the wild-type enzyme is needed to obtain robust activity. This suggests that the H343A mutation caused a Ͼ5,000-fold reduction in the activity of CrAT, consistent with the crucial role of this residue in catalysis. On the other hand, the H343E mutant has only a 10-fold loss in k cat /K m toward the acetyl-CoA substrate ( Table 2 ), suggesting that the carboxylic side chain of the Glu residue can partially function as the general base for catalysis. The H343E mutant, however does not show appreciable activity toward the hexanoyl-CoA substrate ( Table 2 ). The presence of the negative charge may disfavor substrates with longer aliphatic chains. Unfortunately, we could not observe any electron density for the CoA molecule in the active site region for either mutant (data not shown), indicating that it was mostly disordered in these mutants. Therefore, it appears that the His 343 side chain may also play a role in stabilizing the conformation of the CoA molecule.
Based on our structural analysis, the Ser 554 residue is part of the oxyanion hole and helps to stabilize the tetrahedral transition state intermediate of the catalysis (16) . Earlier kinetic studies on CrOT showed that mutation of this Ser residue to Ala produced a 10-fold decrease in the k cat while having little impact on the K m for carnitine (36) . a Carnitine is present at saturating concentrations (1.5 mM). Each assay was repeated two or three times to ensure reproducibility. b NA, no appreciable activity with up to 50 g of protein in the reaction.
Therefore, we produced the S554A mutant of CrAT for our attempts to obtain the ternary (Michaelis) complexes. Our kinetic studies indicated a 25-fold reduction in the k cat and a 4-fold increase in the K m for acetyl-CoA of this mutant (Table 2) , suggesting that the S554A mutation may have a somewhat larger impact on the catalysis by CrAT than CrOT. We also produced the S554A/M564G double mutant, since the latter mutation increases the activity of CrAT toward medium-chain fatty acids (such as hexanoyl-CoA) (17, 37 ). This double mutant could then allow us to determine the binding modes of medium-chain acyl groups. Our kinetic data on this double mutant as well as the M564G single mutant (Table 2) are fully consistent with kinetic data reported earlier (17, 37) .
Whereas mutagenesis is a powerful way to reduce the catalytic activity of CrAT, there could be concerns in the resulting structures as to the impact of the mutations. Therefore, we also developed a soaking protocol that would allow us to capture the ternary (Michaelis) complex for the wild-type enzyme by sampling the pH of the soaking solution and the soaking time. The optimal pH of CrAT is 7.4, and most of the earlier soaking experiments were carried out at this pH. By lowering the pH of the soaking solution, we should be able to reduce the catalytic activity of the enzyme, since it can be expected that the His 343 catalytic residue becomes a weaker base at lower pH, especially if it becomes protonated. We have varied the pH of the soaking solution from 5.5 to 8.5, together with using short soaking times (1-5 min) , to obtain the simultaneous binding mode of carnitine and acetyl-CoA to the wild-type enzyme. It should be noted that the actual pH of the system could also change during the cryofreezing procedure. Structural comparisons with the binary complexes, which were obtained near the optimal pH of the enzyme, show that the reduction in the pH did not cause a significant change in the active site of the enzyme (see below).
Structure of CrAT in a Ternary (Michaelis) Complex with Carnitine and Acetyl-CoA-The crystal structure of wild-type murine CrAT in a ternary complex with carnitine and acetylCoA has been determined at 2.2 Å resolution (Fig. 1 ). The atomic model contains residues 30 -625 of the enzyme, with excellent agreement to the crystallographic data and expected geometric parameters ( Table 1 ). The majority of the residues (90%) are in the most favored region of the Ramachandran plot, whereas residue Ile 116 is the only one in the disallowed region (Table 1) . This residue has clearly defined electron density and is also in the disallowed region in the structures of the free enzyme and the binary complexes.
To obtain this structure, wildtype murine CrAT was first co-crystallized with carnitine and then soaked in a solution containing 5 mM acetyl-CoA at pH 6.5 for 3 min. There are two molecules of CrAT in the crystallographic asymmetric unit. Clear electron density for acetyl-CoA ( Fig. 2A) and carnitine was observed in the active site of one of these molecules, whereas the other active site contained carnitine and CoA. This suggests that the hydrolysis of the acetyl-CoA substrate can still occur at the lowered pH, and the enzyme is still catalytically active in the crystalline environment. Using this protocol, we also successfully obtained the crystal structure of the S554A mutant of CrAT in a ternary complex with acetyl-CoA and carnitine (data not shown). From our experiments, it appears that pH 6.5 is the optimal soaking condition for observing the electron density of acyl groups in the active site of CrAT.
Even with the optimized soaking conditions, more than 20 crystals were examined to obtain the structure of the ternary complex with carnitine and acetyl-CoA. The other The reaction catalyzed by CrAT is readily reversible, and the equilibrium constant of the reaction in solution is close to 1 (4, 5) . Therefore, one might expect that a mixture of reactants and products will be present in our crystals, but we observed only the reactants in the structure. This might be related to the fact that our experiments are performed in a crystalline environment. There are two molecules of CrAT in these crystals. We routinely see only CoA and carnitine in one of these molecules (dead end complex), whereas the other CrAT molecule could contain carnitine and acetyl-CoA (but we have not observed acetylcarnitine in our studies so far). It might be possible that acetyl-CoA was observed in this molecule because the hydrolysis reaction has not occurred to a significant extent. An alternative explanation is that the crystalline environment may have affected the catalytic activity (and possibly the reaction equilibrium) of the enzyme. At the same time, we do not see any recognizable structural differences near the active site region between the two molecules.
The overall structure of the ternary complex with carnitine and acetyl-CoA is highly similar to that of the free enzyme, the binary complex with carnitine or CoA, and the ternary complex with carnitine and CoA. The r.m.s. distance between any pair of these structures is about 0.3 Å, for roughly 590 equivalent C␣ atoms. The largest difference among these structures is generally located near residues 368 -374 (␣12-␤9 loop; Fig. 1 ), in the loop connecting the N and C domains. Residues in this loop have very weak electron density, and the structural differences are therefore due to flexibility of these residues. In the active site region of the enzyme, only small conformational differences are observed among these structures (with the exception of the Glu 347 residue; see below). Therefore, CrAT appears to be a lock-and-key enzyme and does not undergo significant conformational changes upon substrate binding.
As was observed with the binary complexes (16), the acetylCoA and carnitine substrates are bound in the active site tunnel of CrAT (Fig. 3A) , located on opposite sides of the His 343 catalytic base in this tunnel (Fig. 1) . The carboxylate group of carnitine is involved in an intricate network of hydrogen-bonding and ion pair interactions, whereas the trimethylammonium group is located in a mostly hydrophobic binding site (Fig. 2B ) (16) . The acetyl group of the acetyl-CoA molecule is bound such that its carbonyl oxygen atom is pointed toward the Ser 554 side chain (Fig. 2B) , within hydrogen-bonding distance (2.9 Å). The methyl group is pointed toward the acyl group binding site of these enzymes, with Met 564 at the bottom of this pocket (Fig.  2B) (16, 17, 22, 37) .
Detailed structural analysis of this ternary complex suggests that it may be a good mimic of the expected Michaelis complex for CrAT. In the complex, the hydroxyl group of carnitine is hydrogen-bonded to the side chain of His 343 (Fig. 2B) , with a distance of 2.7 Å. This should facilitate the deprotonation of this hydroxyl group by the His 343 catalytic base. At the same time, this hydroxyl group is located within 3 Å of the carbonyl carbon of the acetyl group in acetyl-CoA, and the line linking these two atoms is almost perpendicular to the plane of the acetyl group (Fig. 4A) . As a result, the hydroxyl group of carnitine appears to be located in the correct position to initiate the nucleophilic attack, after being deprotonated by His 343 , on the carbonyl carbon of acetyl-CoA. Therefore, our structure of the ternary complex of CrAT with acetyl-CoA and carnitine may correspond to that of the Michaelis complex of the enzyme in the forward reaction, converting acetyl-CoA and carnitine to CoA and acetylcarnitine.
Structure of CrAT in a Ternary (Dead End) Complex with Carnitine and CoA-The crystal structure of wild-type murine CrAT in a ternary (dead-end) complex with carnitine and CoA has been determined at 1.9 Å resolution (Table 1) . Although the crystal was soaked with acetyl-CoA, it appears to have been hydrolyzed completely in both CrAT molecules in the asymmetric unit, and the acetate product has left the active site region of the enzyme (or it is disordered, since we did not observe any electron density for this product).
Besides the two ternary complexes in this crystal, several other structures of the dead end complex have also been determined, including one of the CrAT molecules in the crystal described above and the ternary complexes of the F565A mutant that we described earlier (17) . The binding modes of CoA and carnitine in these ternary (dead end) complexes are highly similar to each other as well as to that of acetyl-CoA and carnitine in the ternary (Michaelis) complex (Fig. 4A) . The carnitine and the CoA portion of these molecules are located at essentially the same position.
The binding mode of carnitine in the ternary complex confirms our observations earlier from the binary complex (16) (Fig. 4B) . In comparison, the binding mode of CoA in the binary complex (16) shows significant differences to that in the ternary complex (Fig. 4B ). Structural differences can be recognized along the entire length of the (acetyl-)CoA molecule, and the largest difference is at the sulfur atom of CoA, with a distance of 1.2 Å between the two binding modes (Fig. 4B) . However, it is not clear whether our structural observations represent a genuine difference in the binding mode of CoA in the binary and the ternary complexes, since the structure of the binary complex was determined using a crystal that had suffered significant damage during the soaking process (16) .
Structure of the S554A/M564G Mutant in a Ternary (Michaelis)
Complex with Hexanoylcarnitine and CoA-The crystal structure of the S554A/M564G mutant of murine CrAT in a ternary complex with hexanoylcarnitine and CoA has been determined at 2.1 Å resolution ( Table 1 ). The r.m.s. distance between this structure and those of the free enzyme and the other complexes is 0.3 Å, suggesting that there are no overall structural differences among them. Although the crystal was grown in the presence of carnitine and then soaked with hexanoyl-CoA at pH 6.5, the acyl transfer reaction appears to have proceeded to completion in the crystalline state, such that hexanoylcarnitine (Fig. 5A) and CoA (Fig. 5B) are observed in the active sites of both CrAT molecules in the crystallographic asymmetric unit. The observed electron density is inconsistent with the presence of hexanoyl-CoA in the crystal (Fig. 5B) . As discussed earlier for the wild-type enzyme, we do not know the exact reason why only the products (hexanoylcarnitine and CoA) are observed in our structure. It is possible that the S554A/M564G double mutation and the crystalline environment may have affected the equilibrium of the reaction.
The hexanoyl group of the substrate/product is positioned in the acyl group binding site of the enzyme, enlarged due to the absence of the Met 564 side chain (Figs. 3B and 5C) (17, 37) . This pocket is located between strands ␤1, ␤8, ␤13, ␤14, and helix ␣12 (Fig. 5C ) (16) , and several hydrophobic side chains from these secondary structure elements (such as Pro 120 , Val 122 , Val 352 , and Val 556 ) line the sides of this pocket. The hexanoyl group is not fully extended in the binding site (Fig. 5C ), which is different from the mostly extended conformation of octanoylcarnitine bound to CrOT that we reported earlier (22) . The position of the carnitine portion is essentially the same as that of carnitine itself in other binary and ternary complexes (Fig.  5D ), suggesting that acylation does not affect the bound position of this compound.
The bound position of CoA in this ternary complex is similar to that of CoA or acetyl-CoA in the other ternary complexes (Fig. 5D) . Only the thiol group of CoA shows distinct differences in its position in this complex, with a distance of about 0.6 Å from that in the other ternary complexes (Fig. 5D) . The thiol group is within 3 Å of the carbonyl carbon of hexanoylcarnitine, and it is placed at the correct position to initiate the nucleophilic attack on this carbon atom (Fig. 5D ). Therefore, this ternary complex may be a good mimic for the Michaelis complex for the reverse reaction catalyzed by CrAT, transfer of the acyl group from acylcarnitine to CoA.
The side chain of Glu 347 in this ternary complex assumes a different conformation as compared with that in the other ternary complexes (compare Fig. 5C with Fig. 2B ). In the ternary complex with hexanoylcarnitine and CoA, the conformation of Glu 347 is similar to that seen in the free enzyme of CrAT and the binary complex with carnitine (16), having a monodentate interaction with Arg 464 (Fig.  5C) . In all of the other ternary complexes as well as the binary complex with CoA, the Glu 347 side chain assumes a different rotamer, where it makes a bidentate ion pair interaction with the side chain of Arg 464 (Fig. 2B) . In this conformation, the Glu 347 side chain is still capable of hydrogen bonding to the water molecule that mediates the binding of the carboxylate group of carnitine (Fig. 2B) . It remains to be seen whether this conformational switching in the side chain of Glu 347 has any functional importance. This residue is a Glu only in the CrAT family of enzymes, whereas it is an Asp in CrOT and the CPTs. In the crystal structure of CrOT, this Asp side chain is involved in binding the carnitine substrate, and it also shows bidentate interactions with the Arg residue that is equivalent to Arg 464 of CrAT (22) .
Implications for the Catalytic Mechanism of CrAT-Our structural information on the two ternary (Michaelis) complexes provides significant new insights into the catalytic mechanism of CrAT (Fig. 6) . The His 343 side chain is located in the center of the active site, and the structural information is fully consistent with the important catalytic role of this residue. For the forward reaction, conversion of acetyl-CoA and carnitine to CoA and acetylcarnitine, the hydroxyl group of carnitine is deprotonated by the His 343 residue and attacks the carbonyl carbon of acetyl-CoA to initiate the reaction. Our structure model suggests that the resulting oxyanion would be about 5 Å from the positive charge on the trimethylammonium group of carnitine (Fig. 6) , which should allow favorably electrostatic interactions that helps to stabilize the transition state. The oxyanion is also within hydrogen bonding distance of the side chain of Ser 554 (Fig. 6) . The positively charged trimethylammonium group should also reduce the pK a of the hydroxyl group of carnitine, facilitating its deprotonation by the His 343 catalytic base. For the reverse direction, conversion of CoA and acetylcarnitine to acetyl-CoA and carnitine, the thiol group of CoA is too far (3.8 Å) from the His 343 side chain to be in direct hydrogen bonding interactions (Fig. 6) . However, since the thiol group has a much lower pK a than the hydroxyl group and can be deprotonated more easily, direct interactions with the catalytic base may not be necessary. In fact, the separation between the Cys and His residues in the catalytic dyad of caspases (about 5 Å) is also significantly longer than hydrogen bonding distances (38). Therefore, our structural information suggests that the CoA substrate may not be directly hydrogen-bonded to the His 343 residue at the start of the reverse reaction. The oxyanion is expected to be located within 3.5 Å of the trimethylammonium group of carnitine (Fig. 6) , and this favorable electrostatic interaction is the dominant force that stabilizes the transition state of the reaction (16) .
The locations of the acetyl groups of acetyl-CoA and acetylcarnitine are different in the two ternary complexes (Fig. 6) . In fact, the planes of the carbonyl group are almost perpendicular in the two complexes. Whereas it may be possible that the actual positions of these groups in the genuine Michaelis complex are different to some extent from what we observed here in the ternary complexes, the observed positions do place the acetyl groups at roughly the correct position for nucleophilic attacks by the other substrate (Fig. 6) . Therefore, our model suggests that the acetyl group may move by about 2 Å after the acyl transfer reaction.
In summary, we have determined the crystal structures of CrAT in ternary complexes with acetyl-CoA and carnitine or with hexanoylcarnitine and CoA. The former may be a good mimic of the Michaelis complex for the forward reaction of the enzyme, whereas the latter may be a good mimic of the Michaelis complex for the reverse reaction. Detailed structural analyses on these complexes have provided significant new insights into the catalytic mechanism of CrAT and possibly carnitine acyltransferases in general.
